ABSTRACT: Twenty-six Angus-cross cows were used to examine the effect of BW loss (WL) on skeletal muscle and erythrocyte markers of oxidative stress. Serum NEFA concentrations, erythrocyte superoxide dismutase, and glutathione peroxidase activities were measured during WL and BW maintenance. Realtime reverse-transcription-PCR was used to determine mRNA levels of antioxidant genes during both periods to assess skeletal muscle response to WL. Body weight loss resulted in elevated serum NEFA concentrations but no change in erythrocyte superoxide dismutase and glutathione peroxidase activities. During WL, mRNA levels of the antioxidant genes glutathione peroxidase 4, mitochondrial superoxide dismutase, thioredoxin reductase 1, and selenoprotein W increased. Abundance of mRNA of genes involved in antioxidant signaling, specifically, PPARγ coactivator-1 α, nuclear respiratory factor 1, estrogen-related receptor α, and tumor protein 53, was also increased. In summary, during WL cows had no change in peripheral antioxidant enzyme activity, but mRNA abundance of proteins involved in protecting the body from oxidative stress increased in skeletal muscle. During times when NEFA are used as a fuel source, signals such as mild reactive oxygen species production or increased concentration of lipid by-products activate the transcription of nuclear signaling molecules such as PPARγ gamma coactivator-1 α, nuclear respiratory factor 1, estrogen-related receptor α, and tumor protein 53. These genes work to activate antioxidant genes such as mitochondrial superoxide dismutase, glutathione peroxidase 4, and thioredoxin reductase 1 to aid in the detoxification of reactive oxygen species. These data suggest an important role for antioxidant genes to protect cattle that are mobilizing body fat.
INTRODUCTION
When energy requirements exceed energy intake, body fat is mobilized, resulting in BW loss (Brockman, 1979) . The mobilization of fat stores can result in metabolic stresses related to an increase in reactive oxygen species (ROS) production (Miller and Brzezinska-Slebodzinska, 1993) . Elevated NEFA concentrations increase production of ROS in the mitochondria in vitro (Mataix et al., 1998 , Koshkin et al., 2003 , Srivastava and Chan, 2007 . Increased oxidation of fat, such as when NEFA are the primary energy source, increases ROS by-products such as superoxide (St-Pierre et al., 2002) . Chronic production of ROS can lead to oxidative damage of lipids and other macromolecules, resulting in cellular damage. To cope with increased ROS, the body has a system of antioxidant proteins and enzymes that scavenge ROS and repair the damage sustained to the cell. Superoxide dismutase (SOD) is an endogenous antioxidant enzyme that is the main component of the intracellular defense system of the body against ROS. Superoxide dismutase converts superoxide (O 2 − ) to the less toxic ROS hydrogen peroxide (H 2 O 2 ), which is further scavenged by glutathione peroxidase (GPx) to less toxic compounds (Halliwell and Chirico, 1993) . In addition to antioxidant enzymes, many novel genes and proteins have been implicated not only in protecting the body from oxidative damage, but also in the regulation of transcription of antioxidant genes. The objective of this study was to determine if BW loss affects levels of markers of oxidative stress and antioxidant mRNA levels in beef cattle.
MATERIALS AND METHODS
All experimental protocols were approved by the Washington State University Institutional Animal Care and Use Committee.
Animals
A randomized complete block design experiment was conducted using twenty-six 5-yr-old (±0.4) Angus-cross cows. A complete description of the animal management can be found in Brennan et al. (2009) . Cows weighed 702 ± 10 kg of BW and were blocked by BW and housed in pens of 6 to 10 cows. To create BW loss (WL), body fat mobilization, and oxidative stress associated with β-oxidation, lactating cows were fed at a level of intake to meet the requirements of a dry cow in mid-gestation (NRC, 2000) . This level of intake and milk production should have resulted in body fat mobilization. Cows were weighed before feeding approximately 5 d postcalving to determine initial BW and weighed weekly thereafter. Final BW, also measured before feeding, was recorded on d 60. Cows and calves were then turned out on pasture until weaning. The BW maintenance (WM) portion of the experiment began approximately 10 d after weaning. Before feeding, cows were weighed to determine initial BW and weighed weekly thereafter. Final BW for the WM period was measured before feeding on d 60. The diet fed during WL and WM consisted of 80% bluegrass straw and 20% alfalfa (DM basis) at a level to meet maintenance requirements for cows in mid-gestation (NRC, 2000; Brennan et al., 2009) . Cows had ad libitum access to water and a trace mineral salt mix at all times.
Blood samples (10 mL) were collected from the tail vein into Vacutainer tubes containing 0.1 mL of 15% EDTA (Kendall Healthcare, Mansfield, MA) on d 60 of the WL and WM periods. Plasma and red blood cells (RBC) were separated by centrifugation at 1,000 × g for 30 min at 4°C and stored at −80°C. Packed cell volume (PCV) for each whole blood sample was determined by the capillary micro-hematocrit method. Red blood cells were thawed on ice, diluted 1 to 5 with ice-cold ultrapure water to lyse red blood cells, and centrifuged at 10,000 × g for 15 min at 4°C. Lysate was stored on ice until analysis. Muscle biopsy samples were taken from the biceps femoris of each animal on d 60 of each period. A 10 cm × 10 cm area was clipped over the biceps femoris, followed by 5 mL of 2% lidocaine infiltration. Once analgesia was established, a 1-cm incision was made longitudinally through the skin. The biopsy was obtained using a scalpel, and 2 skin sutures closed the incision. Biopsies (approximately 0.5 g) were immediately frozen in liquid nitrogen and stored at −80°C.
NEFA Concentrations
Serum samples were collected and stored at −80°C. The NEFA were measured spectrophotometrically at 550 nm using the NEFA-C (HR) kit (Wako Chemicals, Richmond, VA). The procedure was modified according to manufacturer's instructions for microplate analysis. Concentrations of NEFA (mEq/L) were determined using a standard curve.
Superoxide Dismutase Activity
Cellular superoxide dismutase (CuZnSOD) activity in RBC lysate was measured spectrophotometrically (Cayman Chemical, Ann Arbor, MI). All reagents and standards were prepared according to manufacturer's instructions. Activity of CuZnSOD (U/mL) of each sample was determined using a standard curve generated on the plate, and CuZnSOD activity was corrected to U/mL of PCV.
Glutathione Peroxidase Activity
The activity of GPx1 in RBC lysate was measured spectrophotometrically (Oxis GPx-340 Kit, Oxis Research, Foster City, CA). This assay indirectly measures cellular GPx1 activity as the decrease in absorption as NADPH is oxidized to NADP+. The total activity of GPx1 (mU/mL) in the samples was determined using the molar extinction coefficient for NADPH, 6,220 M
. Enzyme activity was corrected to mU/mL of PCV.
Total RNA Isolation from Skeletal Muscle
Total RNA was isolated from skeletal muscle using Trizol reagent (Invitrogen, Carlsbad, CA) with modifications (Sambrook and Russell, 2001) . Total RNA was then quantified by absorbance at 260 nm, and the integrity of total RNA was checked by agarose gel electrophoresis and ethidium bromide staining of the 28S and 18S bands.
Real-time PCR
Target gene mRNA levels were measured using 2-step real-time reverse transcription-PCR. Well-known antioxidant genes and transcription factors that regulate the expression of antioxidant genes were selected for analysis (Table 1) . Isolated RNA (2 μg) was DNasetreated using Turbo Free DNase (Ambion, Foster City, CA), and first-strand cDNA was synthesized using Superscript III Reverse Transcriptase (Invitrogen) according to the manufacturer's instructions. Real-time reverse transcription-PCR on duplicate samples was performed using an iCycler thermocycler (BioRad, Hercules, CA) and iQ SYBR Green Master Mix (BioRad). Primers were designed for the following genes: β-actin, mitochondrial superoxide dismutase (MnSOD), glutathione peroxidase 1 (GPx1), glutathione peroxidase 4 (GPx4), thioredoxin reductase 1 (TrxR1), selenoprotein W (SelW), PPARγ coactivator-1 α (PGC1α), nuclear respiratory factor 1 (NRF1), estrogen-related receptor α (ERRα), and tumor protein 53 (p53). Expression of β-actin was used as a control to account for any variation in efficiency of reverse transcription and PCR. β-Actin was used as a reference gene because of its stability in muscle (Pérez et al., 2008) . For this study, β-actin was verified as a control gene by comparing the threshold cycle values from all cows and all treatments during the study. The CV for all β-actin threshold cycle values was less than 5%.
Conditions for PCR were as follows: 95°C for 2.5 min, 40 cycles of 95°C for 30 s, 58°C for 30 s, and 72°C for 30 s, a melt curve of increasing temperature of 2°C every 10 s starting at 55°C followed by a hold at 4°C. The relative expression was expressed as a ratio of the target gene to control gene using the Pfaffl equation (Pfaffl, 2001) . Relative expression was normalized within cow, where expression during WL was expressed as a ratio to expression during WM. Therefore, relative expression of target genes was expressed as a fold change from the WM value.
Statistical Analysis
Nonesterified fatty acids, CuZnSOD, GPx, and realtime reverse-transcription-PCR data were analyzed using the general linear model procedure (Proc GLM, SAS Inst. Inc., Cary, NC). The model was Y it = μ + t i + ε it , where μ was the overall mean, t i was the effect of WM or WL, ε it was the error, and cow was considered the experimental unit. Pearson correlation coefficients were generated with the Proc CORR procedure of SAS to evaluate the relationships among relative abundance of target mRNA, antioxidant enzyme activity, and NEFA levels. For all data, statistical differences were declared at P < 0.05, and statistical tendency was mentioned when 0.05 < P < 0.10.
RESULTS AND DISCUSSION
Cows experienced a linear decrease in BW over the WL period and lost 57.9 (±5.0 kg) during WL (Brennan et al., 2009 ). Cows were able to maintain their BW during the WM period (BW change 5.5 ± 5.0 kg). Serum NEFA concentrations were approximately 5 times greater (P < 0.01) during WL than WM (Table 2) , indicating β-oxidation was induced to provide fatty acids for energy (Brockman, 1979) . Bernabucci et al. (2005) reported cows with elevated plasma NEFA concentrations also had greater plasma concentrations of reactive oxygen metabolites, and Chinen et al. (2007) found the same effects in rats. Also, NEFA can increase the production of ROS in vitro in cells (Inoguchi et al., 2000; Li and Shah, 2004) and in isolated mitochondria (Mataix et al., 1998; Koshkin et al., 2003; Srivastava and Chan, 2007) .
Although NEFA concentrations were elevated in cows during WL, no differences were found in erythrocyte CuZnSOD or GPx1 activities between WL and WM treatments (Table 2) . Bernabucci et al. (2005) found dairy cows with elevated NEFA concentrations had similar red blood cell GPx1 activity compared with cows with less NEFA concentrations. In the current study, SOD and GPx1 data indicate that any increase in ROS production had no effect on the antioxidant activity of erythrocyte enzymes.
Real-time PCR quantification of mRNA levels revealed an upregulation of several antioxidant genes when WL was compared with WM ( Figure 1 ). During WL, MnSOD mRNA levels were 1.8-fold greater (P < 0.01). Mitochondrial SOD is localized in the inner mitochondrial membrane and acts as the primary defense against superoxide produced in the electron transport chain. Upregulation of MnSOD in this study is consistent with a need for cellular antioxidants for protection 
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TCTCCACAGCCAAAGAAGAA ATCATTCAGCTCTCGGAACA 1 MnSOD = mitochondrial superoxide dismutase; GPx1 = glutathione peroxidase 1; GPx4 = glutathione peroxidase 4; TrxR1 = thioredoxin reductase 1; SelW = selenoprotein W; PGC1α = PPARγ coactivator-1 α; NRF1 = nuclear respiratory factor 1; ERRα = estrogen-related receptor α; p53 = tumor protein 53. against ROS produced through fat metabolism. Abundance of GPx1 mRNA was not different, but GPx4 mRNA abundance was 1.4-fold greater (P < 0.05). In addition, GPx4 mRNA levels were correlated (P < 0.001) to the mRNA levels of MnSOD (r = 0.76) during WL. Because GPx4 is one of the main cellular defenses against oxidative damage to cell membranes (Ran et al., 2004 ) and serves to scavenge lipid hydroperoxides (Thomas et al., 1990) , increased GPx4 mRNA levels in these cows could protect them from increases in lipid peroxide products generated during β-oxidation.
Abundance of thioredoxin reductase 1 and SelW mRNA was increased (Figure 1 ) during WL. Thioredoxin reductase 1 is a major factor that assists in maintaining the overall redox state of the cell and has been suggested to be an antioxidant . Thioredoxin reductase 1 mRNA levels increased 10.3-fold (P < 0.05) and SelW mRNA levels increased 2.7-fold (P < 0.05) during WL. During WL, local ROS signaling resulted in a great increase in TrxR1 mRNA levels; however, we did not see an increase in GPx1 mRNA abundance corresponding with the increase in TrxR1. Nordberg and Arnér (2001) noted GPx1, although important for protection during oxidative stress and found in many cells and tissues, may not be essential to the ability of a cell to survive oxidative damage. Selenoprotein W is highly expressed in skeletal muscle (Yeh et al., 1995; Gu et al., 2000) , and overexpression of SelW protects cells in vitro from oxidative damage and cell death after treatment with H 2 O 2 (Jeong et al., 2002) . In this study, the increase in SelW observed during WL (Figure 1 ) is consistent with in vitro studies and indicates a need for upregulation of this antioxidant gene during times of oxidative stress in muscle. Despite the Table 2 . Least squares means (±SEM) of BW, BW change, serum NEFA, copper-zinc superoxide dismutase (CuZnSOD), and glutathione peroxidase 1 (GPx1) activity in red blood cells from cows undergoing BW loss or at BW maintenance 2 PCV = packed cell volume. **Means within a row differ (P < 0.01).
Figure 1.
Relative mRNA abundance of mitochondrial superoxide dismutase (MnSOD), glutathione peroxidase 1 (GPx1), glutathione peroxidase 4 (GPx4), thioredoxin reductase 1 (TrxR1), and selenoprotein W (SelW) mRNA levels in Biceps femoris during BW loss (WL) and BW maintenance (WM). The level of mRNA from the WL treatment is expressed as a fold change compared with WM. The mean ± SE is plotted with statistical differences indicated within a gene, *P < 0.05; **P < 0.01. upregulation of mRNA levels of GPx1, GPx4, MnSOD, TrxR1, and SelW and an increase in serum NEFA during WL, there was no correlative response observed.
In addition to antioxidant genes, we examined the effect of WL and elevated NEFA concentrations on the mRNA levels of 4 transcription factors or co-activators that are important in the antioxidant response in nonruminants (Figure 2 ). These genes include PGC1α, NRF1, ERRα, and p53. Abundance of PGC1α mRNA increased 1.8-fold (P < 0.02), NRF1α increased 2.5-fold (P < 0.01), p53 increased 1.9-fold (P < 0.001), and ERRα increased 2.3-fold (P < 0.001) during WL. Abundance of PGC1α are elevated in response to fasting and are associated with increased mitochondrial energy production (Lin et al., 2005) . Additionally, PGC1α regulates the biological responses that drive the ability of a cell to meet changing energy demands and can activate pathways that regulate the capacity for energy production (Finck and Kelly, 2006) . In addition, PGC1α has been implicated in the protection of cells from oxidative stress. When rat skeletal muscle cells were subjected to xanthine oxidase (an oxidant), PGC1α mRNA was elevated 175% compared with control cells (Silveira et al., 2006) . In vitro, PGC1α regulates the mRNA expression of antioxidant genes including MnSOD, thioredoxin 2, TrxR2 (Valle et al., 2005) , CuZnSOD, and Gpx1 (St-Pierre et al., 2006 ). In the current study, PGC1α mRNA levels were correlated (P < 0.001) to MnSOD (r = 0.64) and GPx4 (r = 0.65) mRNA levels, indicating that PGC1α may be involved in inducing the transcription of MnSOD and GPx4 in vivo as well.
The increase in mRNA levels of ERRα (2.3-fold; P < 0.05) was similar to that of PGC1α (1.8-fold; P < 0.05). Estrogen-related receptor α is required as a coactivator for the PGC1α-dependent induction of mitochondrial ROS detoxification genes such as SOD2, thioredoxin 2, and peroxiredoxin 3 and 5 (Rangwala et al., 2007) , suggesting PGC1α may also signal antioxidant genes through ERRα. The observed similarity in fold increase in the current study between ERRα and PGC1α is not surprising if ERRα is required by PGC1α for induction of antioxidant gene expression.
The level of NRF1 mRNA also increased 2.5-fold (P < 0.002) during WL (Figure 2 ). Nuclear respiratory factor 1 binds the antioxidant response element in response to elevated intracellular levels of ROS (Kwong et al., 1999; Scarpulla, 2006) , driving the mRNA expression of many free radical-detoxifying genes, including enzymes required for glutathione synthesis (Venugopal and Jaiswal, 1998) . Fibroblasts with NRF1 knocked out have increased sensitivity to oxidant-producing chemicals and have decreased glutathione concentrations (Kwong et al., 1999) . In adult mice the disruption of NRF1 in the liver results in elevated oxidative stress, increased fatty acid oxidation, and pathological conditions such as liver damage and spontaneous tumor development (Xu et al., 2005) . The increase in mRNA levels of NRF1 observed in the cows in this study indicates that the WL treatment may have sufficiently elevated intracellular levels of ROS to upregulate NRF1.
Under mild oxidative stress, p53 regulates antioxidant genes including glutathione peroxidase to control ROS levels (Tan et al., 1999; Sablina et al., 2005) . In Figure 2 . Relative mRNA abundance of estrogen-related receptor α (ERRα), tumor protein 53 (p53), nuclear respiratory factor 1 (NRF1), and PPARγ coactivator-1 α (PGC1α) mRNA expression in Biceps femoris during BW loss (WL) and BW maintenance (WM). The level of mRNA from the WL treatment is expressed as a fold change compared with WM. The mean ± SE is plotted with statistical differences indicated within a gene, *P < 0.05. the current study, p53 mRNA levels were elevated 1.9-fold (P < 0.05) and were correlated (P < 0.05) to Mn-SOD (r = 0.47) and GPx4 (r = 0.63) mRNA levels, suggesting that p53 is also involved in the induction of MnSOD and GPx4 transcription. In addition to these 2 genes, p53 was also correlated (P < 0.05) to PGC1α (r = 0.55) and to NRF1 (r = 0.49). These relationships have not been described previously but may provide insight into the shared signaling pathway among these genes.
There is an intricate network of antioxidant genes and signaling molecules that regulate the response of the body to oxidative stress. During times when NEFA are used as a fuel source, signals such as mild ROS production or increased concentration of lipid by-products activate the transcription of nuclear signaling molecules such as PGC1α, NRF1, ERRα, and p53. These genes work to activate antioxidant genes such as MnSOD, GPx4, and TrxR1 to aid in the detoxification of ROS.
In conclusion, these data provide evidence that during mobilization of body fat in beef cows, serum NEFA concentrations increase and mRNA levels of target antioxidant genes increase in skeletal muscle. Although ROS production did not affect peripheral antioxidant enzymes in red blood cells, mRNA levels of antioxidant genes increased locally in skeletal muscle. These genes are important during mild oxidative stress in the regulation of the transcription of well-established antioxidant genes such as GPx, SOD, or TrxR that contribute to the adaptive response of an animal to mild oxidative stress. Finally, these data indicate that antioxidant genes are responsive to oxidative stress during WL and these genes may have important protective roles in cattle during body fat mobilization when fatty acid oxidation elevates ROS production.
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